Purpose The aim of this study was to investigate the wavefront aberration changes in human eyes caused by a gradient of increasing accommodation stimuli. Design This is a prospective, single-site study. Methods Healthy volunteers (n ¼ 22) aged 18-28 years whose refraction states were emmetropia or mild myopia, with astigmatism o1 diopter (D), were included in this study. After dilating the right pupil with 0.5% phenylephrine drops, the wavefront aberration of the right eye was measured continuously either without or with 1, 2, 3, 4, 5, or 6D accommodation stimuli (WFA1000B psychophysical aberrometer). The root mean square (RMS) values of the total wavefront aberrations, higher-order aberrations, and 35 individual Zernike aberrations under different accommodation stimuli were calculated and compared. Results The average induced accommodations using 1, 2, 3, 4, 5, or 6D accommodation stimuli were 0.848, 1.626, 2.375, 3.249, 4.181, or 5.085 D, respectively. The RMS of total wavefront aberrations, as well as higher-order aberrations, showed no significant effects with 1-3 D accommodation stimuli, but increased significantly under 4, 5, and 6 D accommodation stimuli compared with relaxed accommodation. Zernike coefficients of Z 0 4 significantly decreased with increasing levels of accommodation. Conclusion Higher-order wavefront aberrations in human eyes changed with increased accommodation. These results are consistent with Schachar's accommodation theory.
Introduction
Accommodation is accomplished by changes in the shape of the crystalline lens. 1 The central surface of the lens becomes steeper, whereas the periphery becomes flatter during accommodation. 2 In addition, as optical power increases with accommodation, spherical aberration decreases. 1, 3, 4 One theory that attempts to explain the phenomenon of these changes is the Helmholtz theory of accommodation. 5 This theory asserts that the zonules are at maximal tension when the lens is at minimum optical power. In other words, when the eye is looking at a distant object, the equator of the lens moves toward the sclera, and then the ciliary muscle relaxes, increasing the zonule tension of the lens, and resulting in a flattened lens. When the eye is looking at a near object, the equator of the lens moves away from the sclera, and then the ciliary muscle contracts, the zonules of the lens relax, the lens becomes more convex owing to its elasticity, the optical power increases, the diameter of the lens reduces, and its anteroposterior diameter increases. However, the Helmholz theory does not account for the flattening of the peripheral surface of the lens, which occurs during accommodation. 2 Furthermore, there is currently no working model of the human lens that can mimic its properties using the Helmholz principles. 4 The Schachar theory of accommodation proposes that as the radial fibers of the ciliary muscle contract the equatorial zonule tension increases, and that as the circular fibers of the ciliary muscle contract the anterior and posterior zonules relax. As the tension on the equator of the lens increases, its diameter increases. Thus, the central portion of the lens becomes more convex (increases in volume), and the peripheral portion flattens (decreases in volume). As the surface curvature of the central portion of the lens increases, the central optical power increases. In addition, as the peripheral portion flattens, the optical power decreases, and the spherical aberration is negative. A working model of the human crystalline lens, based on Schachar's theory of accommodation, has been produced. 6 This model can demonstrate changes in optical power of 410 diopters (D), with concomitant reductions in spherical aberration.
Studies involving the correlation between changes in spherical aberration with changes in accomodation have provided variable results. [7] [8] [9] [10] [11] Moreover, the magnitude and direction of the change in coma have been inconclusive. Each refractive interface (ie, pupil size, corneal shape, lens shape, and retinal topography) can affect wavefront aberration. Few studies have evaluated wavefront aberration in dilated eyes in young adults over different levels of accommodation. This approach theoretically should avoid interference due to pupil contraction and aging, and thus all changes in optical aberrations can be attributed to changes in the contour of the crystalline lens.
The gradient of increasing accommodation stimuli is not a routine examination, and it was designed for this study. The purpose of this study was to investigate the wavefront aberration changes in human eyes caused by a gradient of accommodation stimuli (0-6 D). The results of the current study support the Schachar theory of accommodation.
Materials and methods

Study participants
Twenty-two right eyes of 22 healthy volunteers from Fudan University were enrolled in this study. The study was conducted in accordance with the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of the university. All participants provided informed consent before participation in the study. Refraction status among these volunteers ranged from 0 to À 1 D, with astigmatism o1 D. Therefore, the low-order aberrations were standardized, thus highlighting the changes in the highorder aberrations. As the maximum amount of the accommodation stimuli was 6 D in the study, it was required that the amplitude of accommodation of the included volunteers was 46 D so that it could be ensured that the maximum gradient of accommodation stimuli could be given. We initially planned to use emmetropic volunteers. However, in the process of selecting the study participants, students rarely achieved complete emmetropia. In China, incidence of myopia is 485%, and the remaining 15% of students are mostly associated with hyperopia or astigmatism. Therefore, volunteers with mild myopia were also selected.
Apparatus
The WFA-1000B aberrometer (Bright Eye Medical Device Co, Ltd, Suzhou Industrial Park, Suzhou, Jiangsu Province, China) was used for the measurement of aberrations. The instrument can depict aberrations of the eye using a wave aberration map and Zernike aberration function. The aberrometer can measure 35 Zernike aberrations and diopter simultaneously, and it can continuously increase the built-in negative spherical lens in front of the eye, providing a gradient of accommodation stimuli. Its separated aberration function can measure 35 aberrations, including the defocus measured by conventional optometers (myopia or hyperopia) and astigmatism. Diopter, wavefront aberration, and Zernike aberration measurements were performed. The minimum pupil diameter that could be measured was B4.5 mm. The instrument was equipped with built-in fixation capabilities. The PD measurement was set at 80 mm. The scopes of movement provided by the instrument body were as follows: 77 mm anteroposteriorly, 30 mm vertically, and 90 mm laterally. The jaw holder allowed a scope of movement of 75 mm.
The objective type of aberrometer selected was based on the Hartmann-Shack principle. The instrument tracks the optics light path to measure aberrations. The built-in negative spherical lens may introduce some spherical aberration. A subjective type of aberration instrument was used in this study. The Zernike coefficients were calculated according to the examinee's reactions after observing the visual targets. The built-in negative spherical lens can cause defocus effects. Examinees have experienced stimuli of defocus effects and automatically offset the defocus impact to regain clear vision. Measurements with a subjective type aberrations instrument will generally not be affected by built-in negative spherical lens' spherical aberration.
Examination conditions
Examinations were carried out in a dark room under the conditions of 9.5 mm dilated pupil after the 0.5% phenylephrine drops were administered. Patients were asked to sit in front of the aberrometer. The patients were asked to place their jaws on the jaw holder and gaze straight ahead. The patients were instructed to maintain a stable head position during the examination.
Pupil diameters were measured with a NIDEK (Gamagori, Japan) ARK-700A Autorefractor.
The measurement process
According to each corresponding condition of the patients, including pupil size, diopter, and degree of astigmatism, the physician will choose whether or not to use the automatic tracking system. The automatic tracking system provided big pupil or small pupil for measurement, the compensation lens (CR), and the astigmatism auxiliary examination function (CY). When a patient's degree of astigmatism was 42 D, the astigmatism auxiliary examination function was enabled (CY).
Zernike polynomials
Zernike polynomials can represent a wavefront aberrations (wavefront aberration) function and the characteristic function of the orthogonal wave measurements. This method of computation decomposes the irregular surface of the cornea into a series of simpler mathematical components. 12 The accuracy of Zernike polynomials in fitting wavefront aberration depends on the number of terms applied. 13 The more the terms used, the closer the root mean square (RMS) value is to 0 (0 ¼ a perfect fit). The Zernike coefficients obtained for the current study represent all 35 seventh-order aberrations.
Statistical analysis
The RMS values of the total wavefront aberrations, higher-order aberrations, and 35 individual Zernike aberrations under different accommodation stimuli were calculated and presented (mean and standard deviation (SD)). The significance of the difference between relaxed accommodation and each accommodation stimuli was determined by paired t-test. Repeated measures analysis of variance was used to compare the seven accommodation stimuli (relaxed, 1-6 D) among subjects, where applicable. For repeated measures, sphericity was confirmed using the Mauchly's sphericity test. The Greenhouse-Greiser correction for sphericity was applied if the assumption of sphericity had been violated. All statistical assessments were two-sided and evaluated at the 0.05 level of significance. Statistical analyses were performed using the SPSS 18.0 statistics software (SPSS Inc, Chicago, IL, USA).
Results
A total of 10 men and 12 women were enrolled in this study. The average age is 22.0±2.8 years (ranging from (Figure 1 ). The mydriatic used in this study had no cycloplegic effect, and it should not cause drug-induced lag. However, normal adjustment lag existed. From Figure 1 , one can clearly observe adjustment lag (accommodation stimulus subtracted induced accommodation) and an eye could not achieve a full 6 D accommodation after a 6 D stimulus.
The RMS of total wavefront aberrations, as well as higher-order aberrations at 1-3 D accommodation stimuli, was not significantly different from that obtained with relaxed accommodation, but the RMS values of total wavefront aberrations and higher-order aberrations at 4-6 D accommodation stimuli were significantly higher than that achieved with relaxed accommodation; all P-values r0.030 Figure 2a vs all P-values o0.010, Figure 2b , respectively. Furthermore, the changes in the RMS values of total wavefront aberrations and higherorder aberrations were significantly different among different accommodation stimuli (P-value ¼ 0.006 and P-valueo0.001, respectively).
In second-order Zernike polynomials, the Zernike coefficient of Z 0 2 at all 1-6 D accommodation stimuli was significantly lower than that with relaxed accommodation (all P-valueso0.010, Figure 3 ). The change of Z In fourth-order Zernike polynomials, the Zernike coefficients of Z 0 4 at the 2-6 D accommodation stimuli were significantly lower than that with relaxed accommodation (all P-valueso0.020, Figure 4a ). The change of Z 0 4 was significantly different among different accommodation stimuli (P-valueo0.001). The Zernike coefficient of Z 2 4 only at 3, 4, and 6 D accommodation stimuli were significantly higher than that with relaxed accommodation (all P-valueso0.020, Figure 4b ). The change of Z In sixth-order Zernike polynomials, the Zernike coefficients of Z 0 6 at 3-6 D accommodation stimuli were significantly lower than that with relaxed accommodation (all P-valueso0.050, data not shown). The change of Z In seventh-order Zernike polynomials, the Zernike coefficients of Z À 7 7 at 4-6 D accommodation stimuli were significantly higher than that achieved with relaxed accommodation (P-valueo0.020, data not shown). The change of Z was significantly higher than that with relaxed accommodation at the 3and 6 D accommodation stimuli (P-valueo0.040, data not shown). The Zernike coefficient of Z After full analysis of all 35 categories, except for aforementioned results, no statistically significant differences were found among all other subcategories.
Discussion
In the current study of 22 patients, RMS values for total wavefront aberration and higher-order aberration both showed significant effects at the higher levels of accommodation (4-6 D) . In general, the Zernike , were significantly different from relaxed accommodation, they did not exhibit clear trends with increasing levels of accommodation stimuli. Wavefront errors in human eyes exhibit complex irregular shapes, which vary considerably between individuals. 7, 14 Spherical aberration, coma aberrations, other asymmetric aberrations, and those with orders higher than the fifth order can contribute a large degree to reducing visual performance when the pupil is dilated. 9, [15] [16] [17] [18] Aberrations in the human eye can change between individuals in both their amplitude and sign. 14, [16] [17] [18] [19] We did not observe positive results for primary astigmatism (vertical Z The RMS value, which is currently the most common metric used to describe wavefront aberration, gives an estimation of the variation in the wavefront error of a pupil size of interest. 20 In the present study, lower levels of accommodation had little effect on average, but stimuli at or above 4 D produced increases in the RMS values of both total and higher-order wavefront aberration. These results are consistent with those of He et al, 7 in their study of eight patients, who found slight decreases in RMS values between 0 and À 1 D, no change between À 1 and À 3D, and gradual increases from À 4 D to À 6 D of accommodation. In agreement with the current study, Atchison et al 9 observed no clear trend in the variation of wavefront aberration with accommodative stimuli of 0-3 D. Their stimuli may have been inadequate to produce a clear trend. Another study of 91 optometry students found increases in RMS aberration with increasing accommodation for Zernike coefficients Z3 and Z5 combined (astigmatism, slope ¼ 0.0134), Z7 and Z8 combined (coma, slope ¼ 0.0135), and Z12 (spherical aberration, slope ¼ 0.0428). 10 In that study, the rates of change of astigmatism and coma were about 1/3 that of the spherical aberration with a 5-mm pupil. Another study of 60 participants confirmed that the higher-order RMS values increased with increasing accommodation. 21 Interestingly, when the data were analyzed according to age groups, the slope of lines through those data points were greater with age (ie, 50-to 60-year-old group). He et al 7 concluded that higher-order aberrations are correlated with the overall accommodative effort and have a major effect on the decreased image quality observed with marked accommodation. All the aforementioned study results corroborate those of the current study, which indicate larger values for total wavefront aberration and higher-order aberration with large accommodation stimuli Z4 D.
Ocular aberrations are known to change as the eye accommodates to focus on objects at different distances. 7 These aberrations occur owing to the optical quality of the ocular tissues that transmit light and from misalignment in position of different components of the visual system. In the present study, the pupil diameters were kept consistent in size in order to minimize bias in the subsequent measurements. The accommodation stimuli were generally successful at producing induced levels of accommodation that were close to the expected theoretic levels. Increasing levels of accommodation caused the average Zernike coefficients of spherical aberration to become increasingly negative. A similar trend was reported by Hazel et al in their study with 30 healthy participants (10 emmetropes and 20 myopes) between 18 and 27 years of age. 22 Cheng et al found that spherical aberration was the most affected of the Zernike terms evaluated, with the negative change in spherical aberration being proportional to the accommodative response. 10 Others have reported that decreases in the spherical aberration increased the accommodation stimuli. 7, 23 Thibos et al hypothesize that hyperopic blur can be a risk factor for the progression of myopia when the eye has a negative spherical aberration (which can lead to low contrast in a defocused retinal image). 24, 25 Changes in ocular wavefront aberrations occur as accommodation attempts to compensate for retinal defocus. 11 The average change in defocus in the present study showed a clear negative relationship with increasing accommodation stimuli. Hampson et al 26 have used adaptive optics to study the effects of ocular aberration on the chaos in the accommodative control system. They found reductions in the chaotic nature of accommodative fluctuations during the process of defocus correction. Fluctuations in defocus had a more pronounced effect in terms of stress to the ocular system than did other ocular aberrations.
A recent study by Yuan et al 11 evaluated the correlations between anterior segment biometry and high-order aberrations during accommodation. They found that anterior chamber depth, pupil diameter, and radii of the lens surface decreased, whereas lens thickness and the RMS of high-order aberration (fixed 3-mm pupil size) increased with accommodative stimuli. In general, anterior segment biometry and high-order aberration showed significant changes during accommodation. The authors proposed that the increases in high-order aberrations were mainly caused by increases in the convexity of the anterior surface of the crystalline lens during the process of accommodation. 11 The current study was relatively small, and therefore caution must be used when generalizing these results to the general population. Several studies have indicated that high levels of individual variation exist in terms of the effects of accommodation on wavefront aberrations. 7, 9, 22, 27 Owing to the large number of the types of aberrations evaluated in the present study, only mean results are reported herein. A large-scale study, of similar design, including participants of different ages and ethnicities would provide additional data to more fully characterize the wavefront aberrations that take place during accommodation.
Higher-order wavefront aberrations in human eyes changed with increasing levels of accommodation. The observed changes of spherical aberration are related to surface curvature changes of the crystalline lens and the cornea. When the pupils were dilated to a diameter of 9.5 mm, our results showed that changes to the shape of the peripheral portion of the lens also caused changes in aberrations in the peripheral region of the lens. When accommodation occurs, the crystalline lens periphery is flattened, causing greater negative spherical aberration. The results of this study are consistent with Schachar's theory of accommodation.
Summary
What was known before K Higher-order wavefront aberrations changed with increasing levels of accommodation.
K Helmholz theory does not account for the flattening of the lens during accommodation.
What this study adds K To evaluate wavefront aberration in young adults over different accommodations.
K Dilated 9.5-mm pupils will cause changes in aberrations of lens' peripheral region.
